Trauma is the leading cause of mortality under the age of 40 years. Recent observations on metabolic reprogramming during hypoxia and ischemia indicate that hypoxic mitochondrial uncoupling promotes the generation of succinate, which in turn mediates reperfusion injury and inflammatory sequelae upon reoxygenation. Plasma levels of succinate significantly increase in response to trauma and hemorrhage in experimental models and clinical samples, suggesting that succinate may represent a candidate marker of systemic perfusion in trauma.
T rauma is the leading cause of mortality under the age of 40 years and hemorrhage is the most preventable cause of death in civilian and military trauma. However, despite tremendous advances in patient transport in the field, survival within the first hour has changed little over the past 40 years. One of the reasons is that clinical measurements to determine inadequate systemic perfusion and, thus, inform optimal resuscitative intervention, remain elusive. For over half a century, there has been an interest in identifying a universal biologic mechanism to explain systemic responses to shock. 1 Classic studies have elucidated that progressive hemorrhagic shock is associated with a metabolic switch from aerobic to anaerobic metabolism due to inadequate oxygen delivery with subsequent lactic acidemia. 1 Over the years, concepts like base deficit and lactate acidosis have been accepted as markers of occult shock. 2 Even though elevated lactate levels have been associated with increased mortality in trauma, unmeasured acidic metabolites quantified by the strong anion gap have been reported to have greater predictive value. 3 The introduction and use of advanced metabolomics methods have revealed that additional strong acidic metabolites accumulate in response to shock in experimental models and clinical studies. 4 These methods have expanded the concept of hypoxic metabolic reprogramming, highlighting a role for mitochondrial dysfunction in hypoxia as a key driver of metabolic reprogramming in cancer, 5 ischemia, 6 and inflammation/immunomodulation. 7 We among others have shown that hemorrhagic hypoxemia promotes increases in circulating levels of citric acid metabolites, such as succinate, 4, 8 due to oxygen deprivation driving uncoupling of the electron transport chain. 9, 10 Increased levels of these weak acid metabolites during ischemia facilitate the generation of minimal levels of high-energy phosphate compounds through substrate-level phosphorylation reactions to promote mitochondrial survival. However, carboxylic acid reservoirs-specifically succinate-serve as substrate reservoirs upon reperfusion, when they are rapidly cleared, resulting in the concomitant uncontrolled generation of reactive oxygen species and subsequent organ damage. 6, 9 In this view, succinate would represent an attractive molecular marker of shock due to its specific trend toward increase during hypoxia and rapid clearance after successful resuscitation. In addition, our previous experimental models of severe hemorrhage 4 reveal that hemorrhagic shock results in higher plasma succinate levels that occur within 5 minutes from hemorrhage and more rapidly than lactate, 4 a trend that is observed in field trauma patients and exacerbated in emergency department (ED) thoracotomy patients. 8 In this light, we hypothesize that plasma succinate levels are a better predictor of mortality than lactate in critically injured patients.
MATERIALS AND METHODS
Severely injured patients were enrolled at the Denver Health Medical Center, a Level I trauma center in Denver, Colorado within a framework of a large clinical study on time-course metabolomics of critically ill patients (COMIRB protocol: 12-1349-inclusion criteria: age ≥ 18; acutely injured; SBP less than 70 mm Hg or mean systolic blood pressure (SBP) 71 mm Hg to 90 mm Hg with heart rate greater than 108 beats per minute; exclusion criteria: visibly or verbally reported pregnant women, known prisoners, unsalvageable injuries-defined as asystolic or cardiopulmonary resuscitation before randomization; known objection to blood products; patient with opt-out bracelet, necklace or wallet card; family member present at the scene objects to patient's enrollment in research). A total of 595 longitudinal samples (n = 95) were collected either in the field (<30 minutes from traumatic injury), at the arrival in the ED, and at 2 hours, 4 hours, 6 hours, 12 hours, 24 hours, 48 hours, 72 hours, 5 days, or 7 days from the injury.
Whole blood samples were collected in sodium citrate tubes and immediately centrifuged at 1,000g for 10 minutes at 4°C and 12,600g for 6 minutes at 4°C to sort plasma from blood components, before storage at −80°C and subsequent extraction for metabolomics analyses. Briefly, 10 μL of plasma were extracted with 240-μL ice-cold methanol-acetonitrile-water (5:3:2), containing 5 mM of 13 C 1 -lactate and 1 μM of 13 C 4 -succinate as internal standards, respectively. Samples were vortexed for 30 minutes at 4°C before centrifugation at 10,000g for 10 minutes at 4°C. Supernatants were subjected to ultrahigh performance liquid chromatography coupled with high-resolution mass spectrometry (Vanquish-Q Exactive; Thermo Fisher, Bremen, Germany). Briefly, 20 μL of samples were injected into a Kinetex C18 column (150 Â 2.1 mm, 1.7 μM, Phenomenex; Torrance, CA) at 250 μL per min (phase A: water + 0.1% formic acid; phase B: acetonitrile + 0.1% formic acid). The mass spectrometer scanned in Full MS mode (2 μscans) at 70,000 resolution in the 60 to 900 m/z range in negative ion mode. Eluate was subjected to electrospray ionization. 4, 11 Metabolite assignments were determined as reported. 4, 11 Absolute quantitation was determined by integrating peak areas of the light and heavy isotopologues for lactate and succinate (matched, in each sample tested), according to the formula: 12 Power analysis on preliminary data from our group 8 was performed as previously reported, 12, 13 indicating that a sample size of 200 would be sufficient to ensure more than 80% probability of false discovery rate less than 0.1 for the observed significant changes on the metabolites of interest. Receiver operating characteristic (ROC) curves were calculated as previously reported.
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RESULTS AND DISCUSSION
Of a total of 95 patients enrolled in this study, 12 patients died during the study, nine of which in the ED, and one each within 2 hours, 12 hours, or 48 hours from the initial injury. Paired absolute quantitative values for succinate and lactate in each patient at any tested time point are provided in Supplementary Table 1 (see  Table, Supplemental Digital Content 1, http://links.lww.com/TA/ A976). Median plasma lactate levels in the total population were 3.4 ± 1.6 mM, whereas the levels significantly increased to a median of 8.3 ± 3.8 mM in the available samples from deceased patients (2.4-fold change increase, p < 0.0001). Similarly, plasma succinate levels increased 9.6-fold (p < 0.0001) in deceased patients (96.1 ± 144.2 μM) in comparison to the total population (10.1 ± 22.7 μM, Fig. 1A-B) . ROC curves (calculated with Metaboanalyst 3.0) 12 indicated increased area under the curve (AUC) for succinate (0.91 for values higher than 23.3 μM) in comparison to lactate (0.87 for values higher than 4.99 mM) as a predictor of mortality (Fig. 1C-D) . Owing to the preliminary nature of this study, results would suggest that plasma succinate is at least as good a predictor of mortality as plasma lactate in the civilian critically ill population, though further validation studies are necessary to determine whether the observed increases in AUC of ROC for succinate versus lactate are significant. Of note, normal blood succinate levels in control subjects are 8.8 ± 2.7 μM (Human Metabolome DataBase, http://www.hmdb.ca/ metabolites/HMDB00254), whereas plasma succinate levels in healthy controls are 3.7 + 1.8 μM (in house measurements, n = 20) or in between 1 μM and 5 μM, as reported by others. 15, 16 Combined biomarker analysis did not improve AUC values. Focusing on the last time point available upon resuscitation for all patients versus deceased patients highlighted an even more significant distinction between plasma levels of succinate and lactate between the two groups, both metabolites increasing either 2.8-or 25.9-fold, respectively, in deceased patients at the last available time point versus the equivalent time point in the rest of the patient population (Fig. 1E) . String plot visualization of the data further underscores how patients displaying high levels of succinate are significantly more likely to die than patients with high levels of lactate (Fig. 1F) . Finally, a subset of patients survived with high initial (field) levels of succinate (>23 μM), when succinate levels were reduced by the second available time point (Fig. 2) . On the other hand, succinate levels in patients who died were not normalized by early resuscitation and instead increased in four of eight patients for whom postfield time points were available (Fig. 2) .
Significant positive correlations (r = 0.642, p < 0.0001) were observed between succinate and lactate levels in all the tested samples (see Figure, Supplemental Digital Content 2, http://links.lww.com/TA/A977). In all tested samples from patients who died (total samples available from these patients = 30), succinate and lactate levels were lower than the threshold for mortality calculated here in four and seven cases, respectively. Of note, in the case of succinate, the four samples were collected from a patient (no. X-025 in Table, Supplemental Digital Content 1, http://links.lww.com/TA/A976) who died at 12 hours from hospitalization because of complications from end stage liver disease and not because of trauma with hemorrhage-as gleaned by follow-up analyses. This is suggestive of the high specificity of succinate as a marker for death by trauma/hemorrhage. On the other hand, 46 instances were observed where lactate greater than 5 mM threshold with succinate less than 23.3 μM, and the patients survived.
Though further verification and validation in prospective cohorts will be necessary, our results suggest that succinate, a previously recognized marker of hypoxic metabolic reprogramming in cancer, 5 ischemia, 6 inflammation, 7 and immunomodulation 9 may represent a valuable early metabolic marker of the severity of shock. Quantitative analytical methods are Figure 1 . Quantification curves for succinate (A) and lactate (B), and ROC (C and D, respectively) determined upon correlation to mortality in a cohort of 95 critically injured patients enrolled at the Denver Health, University of Colorado Hospitals (595 samples were assayed). Plasma succinate and lactate levels higher than 23.3 μM and 4.99 mM were good predictors of mortality in the tested cohort. Quantification of matched succinate (E) and lactate (F) in the last available time point before death or discharge from the hospital. String plot (right panel) shows the correlation between mortality and low/high levels of succinate and lactate (top and bottom, respectively) in the tested cohort. String thickness is proportional to the fold changes versus median value of the tested metabolite across the whole population, clearly indicating significantly higher increases in succinate in patients with poor outcome in comparison to the survivors.
already available for the high-throughput (<3 minutes) analysis of plasma succinate, 4,11 a workflow that can provide simultaneous quantitative measurements of lactate, succinate and theoretically up to more than 500 metabolites in 10 minutes to 15 minutes from sample collection to the result. 11 This analytical strategy may become a point of care tool in the ED to potentially inform, in the near future, resuscitative strategies in critically injured patients. 
